Renalase (RNLS) is a recently discovered flavoprotein produced and secreted by a variety of tissues including the kidneys.[@bib1], [@bib2], [@bib3] Inside the cell, RNLS as a nicotinamide adenine dinucleotide (NADH) oxidase regulates energy metabolism.[@bib4] Outside the cell, RNLS acts as a potent pro-survival signal when it binds to its cell membrane receptor, the plasma membrane calcium adenosine triphosphatase isoform PMCA4, and activates a variety of intracellular signaling pathways including the protein kinase B (AKT), extracellular-signal-regulated kinase (ERK), and signal transducer and activator of transcription 3 (STAT3) pathways.[@bib5], [@bib6], [@bib7] Administration of RNLS minimizes injury in *in vivo* models of myocardial infarction,[@bib8] ischemic tubular necrosis,[@bib9] and acute pancreatitis.[S1](#appsec1){ref-type="sec"} Conversely, RNLS deficiency in RNLS knockout mice exacerbates cisplatin-mediated acute and chronic renal injury, which is reversed by administration of RNLS.[@bib1]^,^[@bib9]^,^[S2](#appsec1){ref-type="sec"} Dysregulated RNLS signaling appears to promote survival of malignant cells from several tumor types by augmenting expression of growth-related genes. Increased tissue RNLS expression in patients with pancreatic cancer and melanoma was associated with increased mortality.[S3](#appsec1){ref-type="sec"}^,^[S4](#appsec1){ref-type="sec"}

No standardized and validated method of measuring RNLS concentrations in human plasma currently exists. In cohorts of subjects with normal renal function, a commercially available enzyme-linke immunosorbent assay (ELISA) using a monoclonal antibody yields widely variable results, with the concentrations ranging from as low as 1.18 ± 0.44 ug/ml (mean ± SD) to as high as 39.80 ± 14.63 (mean ± SD), a 33-fold difference.[S5--S10](#appsec1){ref-type="sec"}

We hypothesized that the variations in plasma concentrations measured by Western blot and commercially available ELISA may be due to the existence of different forms of RNLS and the different capacities of detection antibodies to recognize them. We have developed a sensitive and efficient method that detects 2 distinct forms of RNLS in human plasma---free and bound RNLS. In a prospective study, we determined the relationship between plasma RNLS and renal function, and examined the association of plasma RNLS and all-cause mortality.

Results {#sec1}
=======

Measurement of Plasma RNLS by Western Blot {#sec1.1}
------------------------------------------

We estimated plasma RNLS concentrations in 15 subjects with normal renal function (defined as estimated glomerular filtration rate \[eGFR\] \> 60 cc/min per 1.73 m^2^), by probing polyacrylamide gels run under non-denaturing and non-reduced conditions with m42-RNLS, and obtained a value of 19.98 ± 5.09 μg/ml (n = 15). Representative Western blots are shown in [Figure 1](#fig1){ref-type="fig"}a, and b. Note that under these native conditions, probing for RNLS with 2 different RNLS-specific antibodies (m42-RNLS and AF5350) revealed plasma RNLS migrating as a single broad band with an apparent molecular weight of ∼120 kDa, instead of the expected monomeric molecular weight of 37 kDa. Size exclusion chromatography of human plasma from adult males with normal renal function showed that RNLS circulates in many forms, all of which are larger than the RNLS monomer ([Figure 1](#fig1){ref-type="fig"}c). These findings suggest that plasma RNLS is present as oligomers or in complexes with other proteins.Figure 1Apparent molecular weight (MW) of human plasma renalase (RNLS). (a) RNLS detected by Western blot of human plasma run under native conditions: proteins separated by native gel electrophoresis and probed for RNLS using the goat polyclonal AF5350; recombinant human renalase (rhRNLS) = 100 ng recombinant human RNLS; amount of human plasma (0.5--8 μl) indicated under each lane; arrows indicate human RNLS (hRNLS) protein. (b) Proteins separated by native gel electrophoresis and probed for RNLS using the rabbit monoclonal m42-RNLS; arrows indicate hRNLS protein. (c) Distinct forms of plasma RNLS separated by gel permeation chromatography: human plasma separated by gel permeation chromatography using Sepharose CL-6B; fractions are further separated by sodium dodecylsulfate gel electrophoresis and probed for hRNLS using rabbit monoclonal m28-RNLS; arrow at bottom indicates hRNLS. STD, standard.

ELISA Development {#sec1.2}
-----------------

### Choice of Capture and Detection Antibodies {#sec1.2.1}

We tested 2 monoclonal antibodies (mAbs; m28-RNLS and m42-RNLS) and 3 commercially available polyclonal anti-RNLS antibodies ([Supplementary Methods](#appsec1){ref-type="sec"} and [Supplementary Table S1](#appsec1){ref-type="sec"}) in 11 different combinations to identify the pair that performed best for measuring recombinant human (rh)RNLS. As shown in [Supplementary Table S2](#appsec1){ref-type="sec"}, m42-RNLS and Ab178700 (Abcam) performed best as capture antibodies. For detection of rhRNLS, Ab312291 (Abcam, Cambridge, UK) and 1C11E8 (Novus, Centennial, CO) performed well. We selected m42-RNLS for capture because it worked best in native Western blot and recognized the native conformation of the RNLS complex. The polyclonal Ab312291 was selected for detection because it was raised against a peptide that mediates RNLS binding to PMCA4b.[S11](#appsec1){ref-type="sec"}

### Choice of Pretreatment Methods {#sec1.2.2}

Although we could detect RNLS in the native human plasma with ELISA, employing m42-RNLS and Ab31291 as capture and detection antibodies, respectively, the measured concentrations were ∼100-fold lower than those obtained by Western blot also run under the native conditions. We hypothesized that there were 2 distinct forms of RNLS in the native human plasma. In one form of RNLS, the binding site for PMCA4b is exposed and thus freely accessible by the detection antibody Ab312291, which was raised against a RNLS peptide that mediates binding to PMCA4b. We labeled this form *free* RNLS (F-RNLS), the form that is measured by our ELISA in the untreated native plasma. In the other form of RNLS, the binding site for PMCA4b is hidden, rendering it inaccessible and thus unmeasurable by the detection antibody Ab31229; we designated the latter form *bound* RNLS (B-RNLS). Total RNLS (T-RNLS) is the sum of bound and free RNLS. We then tested different methods to expose the hidden binding site in the native plasma and found that acidifying the plasma for 10 minutes with either HCl or citric acid followed by neutralization with Na~2~HPO~4~ unveiled the previousy hidden binding site for the detection antibody Ab312291 and yielded plasma RNLS concentrations comparable in range to those obtained by Western blot ([Supplementary Methods](#appsec1){ref-type="sec"} and [Figure 2](#fig2){ref-type="fig"}). Each plasma sample was thus assayed twice, without acid-pretreatment to measure F-RNLS, and with acid-pretreatment to measure T-RNLS.Figure 2Free and bound renalase (RNLS) levels in human plasma. Human plasma samples (20 μl) were incubated with 1M citric acid (10 μl) for 10 minutes at room temperature. The samples were then neutralized by the addition of 1M disodium phosphate (20 μl). RNLS concentrations are determined by enzyme-linked immunosorbent assay using m42-RNLS for capture, AB31291 for detection, and the RNLS peptide RPC3 as the calibrator. Human RNLS concentration in untreated and acid-treated samples are compared for each sample.

### Choice of Reference Standard {#sec1.2.3}

We have found that in the absence of reducing agents, rhRNLS forms multimers even after short storage periods. This property of rhRNLS could introduce significant errors in establishing standard curves, making rhRNLS unsuitable for use as a reference standard. To improve the reproducibility of the ELISA, we synthesized 3 novel reference standards or RNLS peptide calibrators (RPCs) ([Supplementary Methods](#appsec1){ref-type="sec"} and [Supplementary Figure S1A](#appsec1){ref-type="sec"}). RPC 1 and 2 each consisted of the m42-RNLS peptide antigen (VLEALKNYI: C terminus of human RNLS), a linking peptide 15 or 11 amino acids long, and the m28-RNLS peptide antigen (CIRFVSIDNKKRNIESSEIGP; aa 220-240 of human RNLS). RPC 3 was formed by joining the same m42-RNLS peptide antigen to a truncated m28 antigen, which notably contains the antigen for the goat polyclonal Ab31291.

We then compared standard curves generated using rhRNLS, rhRNLS with acid pretreatment (as above), RPC1, RPC2, and RPC3. rhRNLS contains 12 cysteines and requires the addition of reducing agents if stored for more than a few days. Freshly made rhRNLS performed well as a reference standard, as did RPC1, RPC2, and RPC3. We found an excellent correlation between RPC1 and RPC2, and between RPC2 and rhRNLS (R^2^ = 0.96 and R^2^ = 0.94 respectively). We obtained the best correlation (R^2^ = 0.97) between RPC3 and acid-treated rhRNLS ([Supplementary Figure S1B](#appsec1){ref-type="sec"}). Due to its ease of synthesis, its superior stability (because of lack of cysteine), and its excellent correlation with rhRNLS, RPC3 was chosen as the reference standard.

Renalase and GFR {#sec1.3}
----------------

Renalase concentrations were measured using our ELISA in 267 patients recruited from outpatient primary care, renal and dialysis clinics at the Veterans Affairs Connecticut Healthcare System. The cohort had the mean age of 69 years and was all male patients, with 79% white and 18% black ([Table 1](#tbl1){ref-type="table"}). The eGFRs in the cohort spanned the entire spectrum of renal function. The plasma concentration of T-RNLS was 18.8 ± 8.5 μg/ml ([Supplementary Figure S2](#appsec1){ref-type="sec"}). The plasma concentration of F-RNLS was 0.66 ± 0.16 μg/ml and represented 4.0% ± 2.5 % of T-RNLS. In a subgroup of patients with normal renal function (defined as eGFR \> 60 cc/min per 1.73 m^2^), the plasma concentration of T-RNLS was 20.39 ± 7.70 μg/ml. This value closely matched that obtained by Western blot (19.89 ± 6.23 μg/ml).Table 1Baseline demographics (N = 267)CharacteristicsValueAge, yr69 ± 12Race (white/black/other)211/48/8 (79/18/3)Body mass index, kg/m^2^29 ± 5.7Systolic/diastolic blood pressure, mm Hg137/67 ± 22/13eGFR stage (eGFR in cc/min per m^2^) I (\>90)28 (10) II (60--89)91 (34) III (30--59)71 (27) IV (15--29)46 (17) V (\<15)31 (12)Diabetes mellitus102 (38)Hypertension215 (81)Myocardial infarction41 (15)Congestive heart failure38 (14)[^1][^2]

In bivariate analysis using Spearmns's rho (ρ), log10 T-RNLS correlated positively with eGFR (r = 0.27, *P* \< 0.001) and negatively with eGFR stages (ρ = --0.27, *P* \< 0.001; [Figure 3](#fig3){ref-type="fig"}). By contrast, the log10 F-RNLS fraction correlated negatively with eGFR (r = --0.21, *P* = 0.001) and positively with eGFR stages (ρ = 0.24, *P* \< 0.001). No significant association was found between GFR (or eGFR stages) and log10 F-RNLS.Figure 3Estimated glomerular filtration rate (eGFR) stages versus renalase (RNLS). eGFR stages versus total (T)-RNLS, free (F)-RNLS, and F-RNLS fraction. The associations between eGFR stages and untransformed RNLS values could not be examined because the values did not satisfy the normality requirement. Therefore, the RNLS values were transformed using a log transformation (log10). (a) Log10 T-RNLS was negatively associated with advancing eGFR stages (ρ = --0.27, *P* \< 0.001). The association remained significant after adjusting for covariates (β = --4.90, *P* \< 0.001). (b) Log10 F-RNLS was not associated with eGFR stages. (c) Log10 F-RNLS fraction was positively associated with advancing eGFR stages (ρ = 0.24, *P* \< 0.001). The association remained significant after adjusting for covariates (β = 0.24, *P* \< 0.001). Stages of eGFR: stage I = eGFR \>90; stage II = eGFR 60--89; stage III = eGFR 30--59; stage IV = eGFR 15--29; and stage V = eGFR \<15 or dialysis (eGFR in cc/min per 1.73 m^2^). RNLS values are shown as mean ± 95% confidence intervals.

Compared to eGFR stage I, eGFR stage V was significantly associated with T-RNLS (b = --0.20, *P* \< 0.001) in the multivariate analysis after adjusting for age, race, body mass index, blood pressure, comorbidities, and antihypertensive medications, whereas eGFR stages II, III, and IV were not significant ([Table 2](#tbl2){ref-type="table"}). Similarly, compared to eGFR stage I, eGFR stage V was significantly associated with the F-RNLS fraction in the multivariate analysis (b = 0.14, *P* = 0.027), as was eGFR stage IV (b = 0.13, *P* = .026; [Table 3](#tbl3){ref-type="table"}).Table 2Multivariate analyses for the association between estimated glomerular filtration rate stages and log10 total-renalase (N = 265)VariableBSE Bβ*P*Constant4.550.08----Body mass index--0.010.00--0.21\<0.001Calcium channel blocker--0.050.02--0.120.037Stage I vs. stage II0.020.040.050.588Stage I vs. stage III--0.030.04--0.060.559Stage I vs. stage IV--0.070.05--0.120.162Stage I vs. stage V--0.200.05--0.32\<0.001[^3][^4]Table 3Multivariate analyses for the association between estimated glomerular filtration rate stages and log10 free-renalase fraction (N = 265)VariableBSE Bβ*P*Constant0.210.15----Body mass index0.010.000.26\<0.001Mean blood pressure--0.000.00--0.100.097Vasodilators0.100.060.100.089Stage I vs. stage II--0.030.05--0.060.571Stage I vs. stage III0.040.060.060.510Stage I vs. stage IV0.130.060.200.026Stage I vs. stage V0.140.070.180.027[^5][^6]

Renalase and Mortality {#sec1.4}
----------------------

Among 262 subjects included in mortality analysis, 20 patients (8.4%) were deceased at 1 year, 75 patients (28.6%) at 5 years, and 131 patients (50.0%) at 10 years. For 1-year mortality, the log10 F-RNLS fraction was higher in deceased individuals (0.65 ± 0.27) than in living individuals (0.52 ± 0.25; *P* = .030). No significant difference was found in log10 F-RNLS (*P* = 0.18) or log10 T-RNLS (*P* = 0.22) between deceased and living individuals at 1 year ([Table 4](#tbl4){ref-type="table"}). For 5-year mortality, the log10 F-RNLS fraction was also higher in deceased individuals (0.59 ± 0.26) compared to living individuals (0.51 ± 0.25; *P* = .014). Moreover, log10 F-RNLS was higher in deceased (2.80 ± 0.20) than in living individuals (2.74 ± 0.24; *P* = .048). There was no significant difference in log10 T-RNLS between the deceased and living individuals (*P* = .384). None of the RNLS variables was a significant predictor of mortality at 10 years.Table 4Multivariate analyses for 1-year and 5-year mortality with log10 free-renalase fraction as predictor (N = 262)Variable1-year mortality[a](#tbl4fna){ref-type="table-fn"}5-year mortality[b](#tbl4fnb){ref-type="table-fn"}BSE BOdds ratio (95% CI)*P*BSE BOdds ratio (95% CI)*P*Constant--11.234.67------8.272.25----Age0.140.051.15 (1.05, 1.26)0.0020.080.021.08 (1.04, 1.12)\<0.001Race--0.650.750.52 (0.12, 2.27)0.3870.140.411.15 (0.52, 2.55)0.730Mean blood pressure--0.000.021.00 (0.95, 1.04)0.8300.000.011.01 (0.98, 1.03)0.735Body mass index--0.110.060.90 (0.79, 1.02)0.090--0.030.030.97 (0.91, 1.03)0.284Charlson comorbidity0.380.111.46 (1.17, 1.82)\<.0010.430.081.54 (1.30, 1.81)\<0.001Log10 free-renalase fraction2.221.069.22 (1.16, 73.59)0.0361.320.653.75 (1.06, 13.32)0.041[^7][^8][^9]

In multivariable logistic regression, the log10 F-RNLS fraction was an independent predictor of both 1-year mortality (odds ratio \[95% confidence interval\]: 9.2 \[1.2, 74\]) and 5-year mortality (odds ratio \[95% confidence interval\]: 3.8 \[1.1, 13.1\]) even after adjusting for age, race, mean blood pressure, body mass index, and Charlson comorbidity score ([Table 5](#tbl5){ref-type="table"}). Log10 F-RNLS also independently predicted death at 5 years (odds ratio \[95% confidence interval: 4.6 \[1.1, 18.5\]). Not surprisingly, both age and the Charlson comorbidity index were independent predictors of mortality.Table 5Multivariate analyses for mortality with log10 free renalase as predictor (N = 262)Variable5-year mortalityBSE BOdds ratio (95% CI)*P*Constant--11.813.03----Age0.080.021.08 (1.04, 1.12)\<0.001Race0.100.411.11 (0.50, 2.48)0.799Mean blood pressure0.000.011.00 (0.98, 1.03)0.833Body mass index--0.030.030.97 (0.92, 1.03)0.383Charlson comorbidity0.450.091.58 (1.33, 1.86)\<0.001Log10 free-renalase1.520.714.59 (1.14, 18.51)0.032[^10][^11]

Discussion {#sec2}
==========

In this study, we identified 2 immunologically distinct forms of RNLS in human plasma---T-RNLS and F-RNLS---using a new ELISA method. We believe that T-RNLS constitutes the whole of renalase in human plasma and that F-RNLS represents its biologically active form. With the use of the same capture antibody m42, the RNLS concentration by ELISA in the acid-treated plasma (i.e., T-RNLS) is nearly identical to the RNLS concentration by Western blot run under native conditions. Only F-RNLS, however, is recognized in the untreated native plasma by the detection antibody Ab31291. Because the detection antibody Ab31291 targets a region of RNLS (aa 224--234, human RNLS) critical for binding to its cell membrane receptor PMCA4b and for activating intracellular signaling, F-RNLS may represent a portion of T-RNLS that has its PMCA4b-binding site exposed, and is thus able to effect intracellular signaling. In contrast, most of T-RNLS in the native human plasma is unrecognizable by the detection antibody Ab3129, presumably because its PMCA4b-binding site is concealed. Unable to bind to PMCA4B and activate cell signaling, most of T-RNLS remains biologically inactive. F-RNLS makes up only about 4% of T-RNLS. Thus, only a small portion of plasma RNLS exists in an active form.

The notion that RNLS circulates in plasma in both active and inactive forms is not a new one. We previously reported that in response to an intravenous bolus of epinephrine, the amine oxidase activity of plasma RNLS in rats increased dramatically in less than a minute, and that this effect persisted long after the catecholamine bolus stopped.[S12](#appsec1){ref-type="sec"} Because the stimulation of RNLS activity was seen immediately after the catecholamine infusion, it was unlikely to have resulted from synthesis of new RNLS or even secretion of preformed RNLS. In fact, an RNLS level by Western blot was reduced at 1 and 5 minutes after epinephrine infusion. Possibly, RNLS that became activated underwent a conformational change that compromised its detection by the polyclonal anti-renalase antibody used to probe the Western blot.

Our clinical data lend support to the idea that F-RNLS is the biologically active form. In our cohort of outpatients with variable renal function, both the F-RNLS and F-RNLS fractions were independent predictors of mortality. In contrast, T-RNLS showed no such association with mortality. Our finding is in line with results of 2 previous studies using a commercial ELISA that also have shown RNLS to be an independent predictor of mortality.[S13](#appsec1){ref-type="sec"}^,^[S14](#appsec1){ref-type="sec"}

The causal links between RNLS and mortality need further investigation. RNLS promotes survival of malignant cells from several tumor types, and a higher tissue expression of RNLS in pancreatic cancer and melanoma was a predictor of death. Thus, the heightened risk of mortality associated with the F-RNLS and F-RNLS fractions may stem from cancer development and cancer death. RNLS may be a marker of chronic inflammation, a precursor of multiple lethal diseases. Chronic inflammation is a strong predictor of a poor outcome in chronic kidney disease, and deteriorating renal function is accompanied by heightened inflammatory responses and elevated inflammatory markers. Interestingly, in our cohort of 267 veterans with variable renal function, deteriorating renal function was associated with a significant increase in F-RNLS fraction, which, in turn, was associated with higher mortality. Oxidative stress also may be the causal link between RNLS and mortality.[S15](#appsec1){ref-type="sec"} In a recent study of hemodialysis patients, plasma RNLS levels using a commercial ELISA correlated well with advanced oxidation protein products, a well-established marker of oxidative stress, and the accumulation of which has been associated with increased cardiovascular events in chronic kidney disease.[S16](#appsec1){ref-type="sec"} Finally, high F-RNLS and F-RNLS fractions may be indirect markers of increased sympathetic activity, a driver of mortality in many diseases including chronic kidney disease and congestive heart failure.

Renalase in human plasma appears to circulate in several different forms. On Western blots run under native conditions, RNLS from human plasma migrates as a broad band with an apparent molecular weight of ∼120 kDa, a value that far exceeds its predicted homomeric molecular weight of 37 kDa. In contrast, RNLS in tissues and cells migrates at 37 kDa, even under native conditions. Incidentally, under denatured and reduced conditions, plasma RNLS migrates at ∼37--50 kDa.[@bib1] Gel permeation chromatography confirmed the presence of multiple distinct forms of RNLS in human plasma, ranging in size from ∼200 to 90 kDa. When sequential column fractions (∼250--90 kDa) are collected and the proteins separated by sodium dodecylsulfate polyacrylamide gel electrophoresis, rhRNLS migrates at ∼37--50 kDa, well below the size of the RNLS peaks observed after fractionation of human plasma. These results suggest that RNLS in human plasma circulates either as homomultimers or bound to carrier proteins. We cannot completely exclude the possibility that a small proportion of plasma RNLS is monomeric and is below the detection limit of our current Western blotting methods. Whether F-RNLS is a monomer, a multimer, or bound to a carrier protein remains unanswered.

The study had a few limitations.[S17](#appsec1){ref-type="sec"} First, our cohort included only male patients. The significant associations of renalase concentrations with eGFR and mortality require confirmation in female patients. Second, the cause-specific mortality was not examined as an outcome in our study because of unavailability of data on the specific causes of death. We plan to examine this question in another cohort with information on the specific causes of death.

In conclusion, using a new ELISA that targets its biologically active region, we have shown that RNLS in plasma exists in 2 distinct conformations. The majority of renalase has its biologically active region hidden, to be unveiled only by acid pretreatment. Only in the minority of renalase is its active region exposed in untreated plasma and thus detectable by our ELISA. We hypothesize that F-RNLS represents the active conformation that is responsible for cyto-protection in tissue injury and for stimulation of cell growth in tumors. In support of this possibility, F-RNLS and F-RNLS fractions were independently predictive of mortality. Future studies should focus on understanding the factors that regulate the balance between T-RNLS and F-RNLS and confirming the association and testing the potential causal links between plasma RNLS and mortality.
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**Figure S1.** ELISA development.

**Figure S2.** eGFR stages versus plasma renalase.

**Table S1.** Listing of anti-RNLS antibodies evaluated.

**Table S2.** Selection of antibody pairs suitable for use in ELISA.
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[^1]: eGFR, estimated glomerular filtration rate.

[^2]: Values are n (%), unless otherwise indicated.

[^3]: B, intercept; SE, standard error.

[^4]: R^2^ = 0.16.

[^5]: B, intercept; SE, standard error.

[^6]: R^2^ = 0.15.

[^7]: B, intercept; CI, confidence interval; SE, standard error.

[^8]: One-year mortality: R^2^ = 0.15 (Cox and Snell), 0.36 (Nagelkerke), model χ^2^(6) = 42.35, *P* \< .001.

[^9]: Five-year mortality: R^2^ = 0.25 (Cox and Snell), 0.35 (Nagelkerke), model χ^2^(6) = 74.18, *P* \< .001.

[^10]: B, intercept; CI, confidence interval; SE, standard error.

[^11]: R^2^ = 0.25 (Cox and Snell), 0.36 (Nagelkerke), model χ^2^(6) = 74.68, *P* \< .001.
